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Introduction
Synthetic hydroxyapatite (HA) has been widely used as bioactive bone substitute material in the form of ceramics, cements, coatings and composites in orthopaedics and dentistry because of its excellent biocompatibility and osteoconductivity [1] [2] [3] [4] [5] [6] . Nevertheless, the inherent poor mechanical properties of HA bioceramics (brittleness, low tensile strength and poor impact resistance) have restricted their application, especially in many load-bearing applications [7] . Titanium and its alloys, on the contrary, are mostly used in load-bearing applications due to their good mechanical properties and biocompatibility. However, they suffer from certain disadvantages, such as poor osteoconductive properties. Several surface treatments of titaniumbased implants have been proposed to improve their biological behaviour [8] [9] . One of the most developed surface treatments is the coating of metallic implants with HA, considered to combine the good strength and ductility of titanium with the bioactivity of calcium phosphates [10] . Hydroxyapatite has been used to coat the femoral stem of hip prostheses to promote osteointegration, and has been associated with improved long-term performance [11] [12] .
Plasma spraying is the most industrially-developed technique for producing HA coatings onto metal implants [11] [12] [13] [14] . The principle of plasma spraying consists of producing an ionised gas (plasma) in which hydroxyapatite powder is injected, melted and transported. A substrate located at a controlled distance from the spray gun is coated by a layer with a composition expected to be close to that of the initial powder [14] [15] [16] [17] . However, due to the very high temperature produced by the plasma flux, the initial HA powder undergoes full or partial melting and decomposition during plasma spraying.
The decomposition of HA can lead to various compounds such as calcium oxide and a mixture of crystalline and amorphous phases, especially tricalcium phosphate (TCP) and tetracalcium phosphate (TTCP) [18] . Most plasma-sprayed HA has been reported to lose some hydroxyl groups and transform into oxyhydroxyapatite (OHA) [19] [20] . Calcium oxide in the coating is particularly harmful, since a hydration reaction which occurs during storage or after implantation in vivo transforms CaO into Ca(OH) 2 , with a 50% volume increase, resulting in considerable internal strains and cracks, especially if the calcium oxide is at a high amount in the coating [21] .
There is much debate in the literature regarding the ideal microstructure, composition and morphology of HA coatings. It has been shown that the thermal decomposition of HA coatings has two opposing effects: on one hand, a degradation of the coating and its detachment from the metal surface, which impairs the stability of the boneimplant interface, and on the other hand, an improvement of the biological activity of the coating, related mainly to the existence of an amorphous phase favouring bone reconstruction [22] . Another parameter that controls the coating composition and properties is the initial HA particle size. In conventional atmospheric plasma spraying systems (cAPS), the optimal mean particle size (median size diameter of particles d 50 ) is greater than 100 μm with a spherical morphology. Smaller sized powder particles can be totally melted and produce a coating rich in foreign phases [10] . In addition, if the particle size distribution is monomodal, the plasma jet is optimised and homogeneous coatings are obtained. These particle characteristics are considered to represent the best compromise for good biological activity. Nevertheless, using such coarse powders with a less energetic plasma mini-gun leads only to partial melting of particles and to coatings mainly composed of crystalline HA, but with poor cohesion and high porosity. Generally, the thickness of the HA coatings on commercialised medical devices ranges from 50 to 300 μm [23] . Coatings with a thickness greater than 150 μm become brittle, whereas very thin HA coatings may resorb too fast [24] . The Ca/P ratio in the coating should be very close to 1.67.
The use of cAPS to coat small implants, e.g. dental implants, produces irregular non-optimal coatings, with concerns about implant failure due to microbiological susceptibility, resorption and interfacial fracture risk issues [25] [26] . Furthermore, the threaded design is currently dominant in the dental implant field, as cylindrical implants have shown good initial osseointegration, but unacceptably high secondary loss of bony anchorage [27] . Obtaining thin, controlled and homogeneous coatings in these threaded geometries represents a challenge for cAPS. Therefore, there is a need to design a gun capable of coating small, geometrically complex implants with a thin, spatially and compositionally controlled HA deposition.
This work focused on the development of a portable low energy plasma device for the deposition of hydroxyapatite coatings on small-sized implants with relatively complex geometries. The process parameters and the gun design were optimised for the deposition of HA powders. The microstructure of the coatings was characterised using scanning electron microscopy (SEM) and compositional characterisation was investigated using X-ray diffractometry (XRD), Fourier transform infrared spectroscopy (FTIR) and micro-Raman spectroscopy.
Experimental procedures

HA powder and titanium substrate
The powder particle size distribution was carefully selected to enable a proper injection in the plasma plume and to avoid the segregation of the finest particle fraction from the main gun axis, which may result in overheating and clogging of the particles in the nozzle. In previous industrial tests (flowability with industrial equipment), it was observed that particle clogging was difficult to avoid for powders with a particle size b 50 μm.
The tested feedstock material was a hydroxyapatite powder provided by Teknimed SA (L'Union, France). Briefly, after precipitation, washing and drying, the HA powder was calcined at 1000°C for 15 hours according to international standards to achieve a completely crystalline structure [28] . Then, it was crushed, sieved and the fraction with particle sizes ranging between 50 and 80 μm was selected to ensure uniform melting and deposition using the spray process; the morphology of the HA particles was observed by scanning electron microscopy (SEM). They exhibited an irregular shape with sharp edges (Fig. 1) .
The Ca/P molar ratio of HA powder was determined by chemical analysis and confirmed by XRD analysis of heated scraped coatings according to standard protocols [28] . Calcium was determined by atomic absorption spectrophotometry and phosphate ions were determined by spectrophotometry of a phosphovanadomolybdic complex [29] [30] .
The coatings were sprayed onto flat medical grade Ti grade 4 coupons (ϕ: 12 mm × 3 mm) using the newly-developed low energy plasma device. Before coating, the substrate surface was degreased and grit blasted with corundum F150 using a pressure of 2 bars.
Plasma spray deposition process
The deposition of HA was performed in air using a new Low Energy Plasma Spray (LEPS) device that was developed by INASMET-TECNALIA (Spain). Fig. 2 shows a schematic representation of the system layout [31] .
To reduce the safety requirements of the LEPS system, the plasma gun was designed to operate solely with argon as the plasma gas. For practical reasons, the gun is operated with standard electrodes from the F4-gun (6 mm Nozzle / Electrode/ Order No. 1018851) [31] . The entire gun is water cooled and the electric poles are separated by a glass fibre-reinforced epoxy housing. A schematic representation of the gun is shown in Fig. 3 . The latter is coupled with a standard DC power source (TETRIX-421WDC "SYNERGIC", Praxair Soldadura Spain) from a TIG welding system, with a nominal maximal power of 15 kW (400 A) and electronic auto-ignition control.
The powder injector was placed in the gun nozzle specifically designed to improve heat transfer from the plasma plume to the HA powder particles and thus achieve an adequate degree of melting. The system is able to work with standard powder feeders conventionally used for cAPS. In this study, a commercial powder feeding unit (Twin10, Sulzer Metco, Switzerland) was employed. The vertical displacement of the spray gun was adjusted to 3 mm to fit the spot size of the plasma plume. The relative gun velocity was fixed at 200 mm/s. As thermal transfer to the substrate is limited by the relatively low power of the system, no cooling of the substrate was required during the coating deposition procedure.
Extensive preliminary work was conducted to optimise the spray parameters. Table 1 summarises the optimised parameters for the Fig. 1 . SEM micrographs of the HA powder (Teknimed) after sieving, with a particle size ranging between 50 and 80 μm: a) overview and b) particle surface at a higher magnification.
deposition of the investigated HA powders. The argon flow rate and the stand-off distance were optimised to increase the crystallinity of the resulting coating in combination with adequate deposition efficiency; the latter was measured in terms of the layer thickness deposited after each spray run. Several coatings were performed with thicknesses between 25 and 270 μm by varying the number of spray runs. We performed 1, 12 and 20 spray runs.
Characterisation of coatings
The microstructure of the coatings was characterised by SEM (JEOL JSM-5600LV, Japan). The physico-chemical characterisations of the coatings were performed according to ISO standards [28] and completed by FTIR and Raman spectroscopic analyses and SEM observations. X-ray diffraction analysis was performed on the surface of coatings, and also on HA coatings removed from the substrate for crystallinity ratio determinations. These measurements were performed using a Seifert XRD-3000 diffractometer (Germany) equipped with CuKα1 radiation; the goniometer was set in a step-scan mode with a rate of 0.02°for 24 seconds, over a 2θ range of 20-60°. The crystallinity of the coatings was evaluated according to international standards. The determination of coating crystallinity was based on the measurement of the integrated intensity of ten diffraction lines of the sample diagram compared to those of a fully crystallised HA reference compound according to the Joint Committee on Powder Diffraction Standards (JCPDS) [28] . The Ca/P ratio of the coatings was determined by XRD analysis of heated scraped coatings according to standard protocols [18] .
The FTIR spectra of all samples were obtained in the range of 4000-400 cm − 1 for removed and ground coatings. They were performed in accordance with ISO standards [28] using a Fourier-transform infrared spectrometer (Nicolet 5700, France), both by attenuated total reflectance (ATR) using a diamond ATR device (4 cm − 1 resolution) on the coating surfaces and by transmission using KBr pellets (4 cm − 1 resolution) on the scraped coatings.
Raman spectra of the coating surfaces were recorded using a Horiba Jobin-Yvon HR 800 spectrometer (France) equipped with a heliumneon laser (λ = 632.8 nm) in the range of 100-1200 cm − 1 and 3500-3650 cm
. A semi-quantitative evaluation of different components of the ν 1 PO 4 band was performed using GRAMS/32 curve-fitting software. All the Raman spectra were decomposed according to a published protocol in order to facilitate their comparison [32] . A baseline correction was performed on each spectrum. Peak positions and some curve parameters were recorded and used as initial input in the curve-fitting program. Iterations continued until the best fit (i.e. convergence) was obtained. Fig. 4 shows SEM micrographs of a cross-section of HA coating produced with 12 spray runs. The coating shows a typical lamellar structure. Some isolated volume defects (large pores) were produced during spraying, but no cracks were observed in the cross-section of the coatings. For the most part, the porosity consisted of small interlamellar voids. The microstructure of the coating was mainly composed of flattened particles over a small amount of partially melted particles (Fig. 5 ).
Results
Microstructural characterisation
Compositional characterisation
The X-ray patterns of as-sprayed HA coatings compared to HA powder are shown in Fig. 6 . All the peaks of the HA powder corresponded to a well-crystallised single phase of Ca 10 (PO 4 ) 6 (OH) 2 (JCPDS 09-432); no foreign crystallised phase was detected.
For the coating produced with one spray run, two additional peaks (2θ = 34.98°and 38.30°) corresponding to the titanium substrate were detected (Fig. 6b) , due to the thinness of the coating. In particular, the characteristic peaks of CaO, α-and β-TCP and TTCP were absent. The amorphous phase produced a barely visible broad peak of very low intensity centred around 2θ = 30.50°. On the contrary, some HA coatings made with the same feedstock powder but using the cAPS system provided decomposed coatings (Fig. 6e) .
The crystallinity ratio of 12-run coatings calculated according to the international ISO standard [28] was 68% compared to the HA feedstock [33] .
The FTIR spectra of the initial HA powder and of the coatings are shown in Fig. 7 . The bands related to phosphate and OH − groups appeared broader and less resolved in the coatings compared to the initial powders. The main phosphate bands (ν 3 PO 4 and ν 4 PO 4 ) at 1000-1100 cm − 1 and 560-600 cm − 1 of the coating spectrum (Fig. 7 , spectra b, c and d) showed less resolution than those observed for the initial HA powder spectrum (Fig. 7, spectrum a) . The relative intensity of the ν 2 PO 4 bands at 434 and 471 cm − 1 appeared much stronger in the coating than in the initial powder. In addition, a clear decrease of the intensity of the OH − stretching band at 3570 cm − 1 and of the OH − vibration band at 633 cm − 1 was also observed for the spectra of the coatings compared with that of the initial HA powder.
The Raman spectra of the samples are presented in Fig. 8 . For all samples, two distinct peaks appeared at about 430 and 452 cm − 1 in the region of the ν 2 PO 4 bending mode. In the region of the ν 4 PO 4 bending mode, four distinguishable peaks appeared at 580, 594, 609 and 620 cm − 1 . The ν 3 domain of the phosphate groups stretching mode was the same for the feedstock HA powder and HA coatings; three peaks were distinguished at 1027, 1048 and 1075 cm . The broad band at 945-954 cm − 1 could be attributed to the amorphous phase [32, 35] . The bands at 950-951 and 966-969 cm − 1 have been assigned to oxyapatite [32, 34] . The band at 961-963 cm − 1 corresponded to the PO 4 groups in the remaining HA phase, which always appeared as one of the most intense bands. The curve fitting shown in Fig. 9 and peak positions reported in Table 2 indicate the contribution of these species to the ν 1 PO 4 band. Despite the observation that the proportion of oxyapatite lines increased and that the contribution of the amorphous phase decreased as a function of the number of runs, it seems, however, difficult at this stage to go further and give an estimated composition of the coating.
Discussion
The main problems associated with the plasma spray processing of HA are the control of the resulting coating microstructure and composition and the coating of relatively complex geometries. The decomposition of HA is difficult to limit in conventional plasma spray systems ( Table 3) .
The high temperatures of the plasma induce a loss of hydroxide ions in HA particles at temperatures higher than 1000°C. The HA may undergo a partial dehydroxylation to oxyhydroxyapatite (OHA) following the reaction below:
According to the CaO-P 2 O 5 -H 2 O diagram [36] , the OHA starts to decompose above 1300°C to give a mixture of tricalcium phosphate and tetracalcium phosphate according to the following reaction:
Above 1640°C, calcium oxide and a liquid phase are formed. All these reactions are completely reversible on cooling. It is generally admitted that HA particles are partially or totally melted in the plasma [38] . They tend to be spheroidised during the deposition process and they splatter onto and attach to the material already deposited, giving the characteristic lamellar microstructure of the coating observed on the micrographs (Fig. 4) . The un-melted core can be broken into pieces forming a fine-graded zone sometimes observed at the surface (Fig. 5) . With rapid cooling, part of the liquid solidifies as an amorphous phase with crystalline impurities (α and β-TCP and TTCP) related to the re-crystallisation of the high temperature phases, and as oxy-hydroxyapatite with a smaller crystallite size than the initial HA. Table 3 summarises the composition of some reference cAPS coatings reported in the literature in comparison to the developed LEPS HA coating. In addition to crystalline HA, cAPS-coatings usually contain TCP (α and β forms), TTCP and CaO and an amorphous calcium phosphate mixture. The physico-chemical events occurring in the LEPS system can be considered as similar to those of cAPS. The main differences correspond to the quantity of amorphous calcium phosphate (ACP), which is very low using the LEPS system, and the absence of a detectable foreign crystalline phase.
The number of spray runs influenced the coating crystallinity and its composition. Coatings produced with one run, for example (Fig. 9a) , showed the presence of a higher amount of the amorphous phase than coatings with multiple runs. This presence was usually attributed to the rapid quenching rate resulting from the elevated thermal gradient between the melted HA particles and the titanium substrate, which has a large thermal conductivity and quenching capability. The ratio of oxyapatite (measured on the top surface) seemed to increase with the number of runs, whereas the amount of amorphous phase decreased ( Fig. 9b and c) . This may also be related to variations in the cooling rate when the first layer of HA is deposited. The thermal conductivity of HA is much lower than that of the titanium substrate and a partial re-crystallisation into oxy-hydroxyapatite of the amorphous phase may occur [22, [37] [38] [39] . After 12 spray runs, the resulting coating seemed to have an optimal thickness of around 150 μm, and a higher crystalline HA ratio.
The absence of measurable foreign crystalline phases in coatings produced by the LEPS system was rather puzzling. Almost all previous studies on cAPS HA coatings have reported the presence of phases resulting from the thermal decomposition of HA, although the amount of these impurities is strongly related to the conditions of deposition. In LEPS coatings, an amorphous phase indicative of melting of the HA particles at a temperature higher than 1600°C is observed, also associated with the formation of oxy-hydroxyapatite corresponding to de-hydroxylation of the HA phase in the domain of 1000-1300°C. However, the phases originating from the decomposition of oxy-hydroxyapatite in the domain of 1300-1600°C do not appear to crystallise. Although the reactions occurring during the plasma spray process are far from the equilibrium conditions of the phase diagram, the observation of these phases in most cAPS coatings justifies the reference to these diagrams. It has been suggested that when the cooling rate is sufficiently high, the short-range diffusion necessary for the formation of tricalcium phosphates and tetracalcium phosphate cannot occur [22, 40] . The cooling rate is difficult to evaluate; nevertheless, it can be hypothesised that it is faster in LEPS than in cAPS due to the smaller size of the sprayed particles, the shortened residence time in the plasma and the lower energy provided by the LEPS system. This explanation does not appear, however, to be totally convincing as there is evidence for the re-formation of oxy-/hydroxyapatite from the melt; it might be observed that this re-formation could be equally avoided by short range diffusion in the rapidly cooling liquid. An alternative explanation could be related to undercooling and the existence or not of crystal nuclei. In the LEPS system, the small particle size and low energy involved allow a fast cooling rate, and the absence of α-and β-TCP and TTCP nuclei in the particles may prevent the crystallisation of these phases and possibly keep the melt undercooled for a short period of time in the range of 1300-1600°C. However, the unmelted apatite cores in the particles provide a nucleation surface for apatite crystals from the undercooled melt. Even though the liquid would be undercooled for a very short period of time in the range of 1300-1600°C, its crystallisation into apatite could be facilitated by the remaining apatite crystals (at least in the vicinity of these crystals) before solidification of the liquid phase as an amorphous glass. The hypothesis of undercooling in the presence of apatite nuclei could thus explain the re-formation of oxy-hydroxyapatite crystals at the expense of the amorphous phase, whereas the absence of nuclei could explain why the formation of the foreign crystalline phase did not occur, although this is predicted by the phase diagram. In the cAPS systems, the cooling rate should be lower due to the larger particle size and higher energy transfer involved in this process. The unstable undercooled liquid could then have enough time to crystallise, in the range 1600-1300°C, into α-TCP and TTCP. β-TCP could even be observed if the quenching rate is not fast enough to prevent the phase transition.
Although not recommended by the standards regulating HA plasma-sprayed coating, micro-Raman spectroscopy provides reliable and useful information for studying the chemical composition of plasma-sprayed HA coatings This technique allows a fine distinction between oxy-and hydroxyapatite and permits distinguishing the amorphous phase from HA, even at a low content [32, 34] , in contrast to XRD.
In the future, further studies will focus on the chemical gradient across the thickness of the coating using micro-Raman spectroscopy.
Low energy plasma spray presents several conceptual advantages over conventional plasma spraying: the smaller diameter of the plasma plume and shorter stand-off distance (SOD = 40 mm) allows for more precise coating deposition, simplicity and less energy consumption. In addition, it was found to improve the crystallinity and purity of the HA coating.
Conclusions
A low energy plasma device was developed for HA coatings on small-sized implants. Maintenance costs and needs can potentially be reduced in comparison to conventional plasma spray systems, and the lower technical requirements in terms of power supply, water cooling rate and exhaust might allow for the implementation of this system in portable applications. The results demonstrated that even at only 15 kW of power and using argon as the plasma gas, the system is able to produce higher crystalline HA coatings than those observed with conventional plasma systems. The amorphous phase represents a low fraction of the coating, and no foreign phases are produced in measurable amounts.
The low energy plasma spray process could thus represent progress, especially for coating small-sized implants, for which conventional plasma spraying appears to be inappropriate.
Other studies in progress are related to the spraying of new apatitic powder compositions and the in vivo evaluation of the coatings.
